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INTRODUCTION
Coherent anti-Stokes Raman scattering (CARS) has emergedim as a powerful technique for measuring temperature and major species concentrations in reactive media. Temperature measurements in air-fed combustion are most commonly performed using CARS spectra of N,, which is present in large concentrations.
In turbulent combustion media the single-shot capability of broadband CARS4 must be employed to avoid the biasing that would result from using averaged CARS spectra. These averaged spectra would be heavily weighted towards the high-density low-temperature fluctuations because of the, approximately, square dependence of the CARS intensity on species number density. In sampling a turbulent flame with single-shot broadband CARS it is essential that no biasing be induced due to selective recording of CARS spectra based on intensity. Since, in constant pressure combustion, the peak CARS signal can decrease by approximately 1000 as the temperature increases from room temperature to adiabatic flame temperatures this places great demands on the dynamic range of the detector. This problem is compounded by the nonlinearities that have been found5-lo in the intensified photodiode array (IPDA) detectors.
To increase the dynamic range of an IPDA Goss et al. ' employed a beam-splitter arrangement to image four different CARS beams representing different fractions of the CARS signal. Eckbreth" describes a single-component optical splitter that was incorporated into the spectrograph directly before the IPDA. This approach is simpler than the external beam splitters used by Goss et al. but suffers from somewhat degraded image quality in the multiply reflected secondary beam. In this paper we describe a fiberoptic splitter that is convenient to use and allows us to maintain a more stable calibration of IPDA detector nonlinearity than was possible using a CARS beam directly coupled into a spectrometer.
IPDA detectors incorporating P-20 phosphor based intensifiers have been showr?' to exhibit marked image persistence (lag). For a typical 10 Hz CARS experiment the image persistence is 0.5%-4% of the average signal, the bulk of which results from laser pulses prior to the preceding one. This image persistence results in a CARS spectrum that contains contributions from many previous pulses. In turbulent combustion the contributions wilI be much larger from the cooler, more intense, spectra, This can result in large negative temperature errors in fitting the resultant CARS spectra' although strategies have been developed to minimize the effect.12 Dye laser spectral drift during an experiment is a common problem in CARS N2 thermometry. The resonant N2 CARS spectra are divided by a nonresonant reference spectrum that calibrates the CARS spectrometer for the spectral profile of the dye laser, and other instrumental variables. It is frequently experimentally difficult to substitute a nonresonant cell for the combustion source, thus nonresonant reference spectra are typically recorded at the beginning and end of an experiment. A shift in the dye laser spectrum, which during a long experiment is quite common, results in an uncertain calibration with consequent errors in temperature. In our experiments, the dye laser output is continuously monitored and its center frequency is maintained constant by manually tuning an intracavity filter in the dye laser oscillator.
In diffusion flames the varying compositions encountered influence the shape of the N2 CARS spectrum and, hence, the temperatures derived from them. Two approaches have been taken to solving this problem. Hall and Boedeker13 evolved a method of using the quantity C, defined as the ratio of the mole fraction of N2 to the total nonresonant susceptibility, as a fit parameter. This can largely correct for the effect of varying composition and uncertainties in the nonresonant susceptibility. Altematively, the background contribution from the nonresonant susceptibility can be canceled out by proper selection of the polarization orientation of the laser beams and the CARS signal optics." This background suppression (see, for example, Ref. 15 for a discussion) is attained only with a factor of 16 reduction in the CARS signal and a consequent approximately fourfold reduction in spatial resolution (to maintain the same CARS signal). We have elected to analyze CARS spectra that include the nonresonant contribution by fitting C. However, it remains to be demonstrated that this approach will give unique solutions when performing multiparameter fits on noisy single-shot CARS spectra as opposed to fitting the relatively noise-free multipulse averaged CARS spectra.
A potential source of error in CARS N, thermometry is the population of higher vibrational levels of N, by stimulated Raman pumping. Even with a broadband CARS system, with its lower spectral intensity, these saturation effects can create problems.9~' 0*' 6~17 The strength of the u = 1 -v = 2 band in CARS spectra of room temperature N, (where the population of the N, (v= 1) level results from stimulated Raman pumping) can be used as semiquantitative guide to error-free laser energy levels. ' In this paper we describe a CARS spectrometer, and its operation to record and analyze N2 CARS spectra, that has been optimized to study turbulent flames. Various improvements to the CARS system such as: a fiber-optic splitter to increase the dynamic range, an echelle grating spectrometer to continuously monitor the dye laser, and a fastphosphor intensified photodiode array detector (IPDA) are described.
II. CARS THEORY AND DATA REDUCTION
The accuracy of CARS-derived temperatures is ultimately determined by the synthetic theoretical spectra used for the analysis of the data. The theoretical models and the computer program used to calculate the synthetic CARS spectra and fit experimental CARS spectra have been described in some detai19*' * and will be briefly summarized here.
The CARS theory code includes the cross-coherence effect due to a finite pump laser bandwidth' 9' 20 and collisional narrowing resulting from the overlap of the Lorentzian profiles of the Raman lines at higher pressure.21 At higher temperatures, where Doppler broadening is more significant, a Voigt profile describes the lineshape more accurately. At atmospheric pressure and for temperatures above 1500 K Doppler broadening may play a more important role than collisional narrowing.' A Voigt profile, using the complex error function approximation, can be used to calculate theoretical CARS spectra for these conditions. In the Doppler broadened and the pressure broadened regimes cross coherence effects can be accounted for.18 In our CARS work we have employed each of the two models separately according to the medium conditions.
The instrument spectral response is described by an approximate asymmetric, Voigt function22 to which terms that decay as the reciprocal of the frequency displacement were added. The instrument function has a maximum of six parameters, which can be optionally simplified by assuming a symmetric Voigt, or by ignoring the reciprocal frequency terms. The library of theoretical CARS spectra is then convolved with this instrument function.
To fit experiment to theory a nonlinear-least-meansquares-fitting program was used that was based on the Gauss-Newton algorithm as adapted by Kim.23 To ensure convergence, the Marquardt modification24 was incorporated into the program as a fitting option.
In an experiment CARS spectra for the background (dye laser blocked), room temperature N2, nonresonant reference, and flame were recorded. The resonant N2 CARS spectra had the background subtracted (to remove the effect of fixed pattern signal in the detector) and were then divided by the nonresonant reference spectrum. The instrument function was routinely determined by fitting the 295 K N2 spectra using the Voigt instrument function described above. The accuracy of this technique was verified by comparing this instrument function to those obtained from hot spectra or from the 472.7 nm Ar-ion laser line. These results are described in Sec. III C.
Ill. EXPERIMENTAL TECHNIQUE AND PERFORMANCE

A. Experimental summary
The layout of the CARS spectrometer is shown in Fig.  1 The broadband Stokes radiation is generated by a dye laser oscillator with a single amplifier. Both the oscillator and amplifier sections use a common dye cell that is enclosed by two quartz windows and is installed at the Brewster angle. The windows are 9.5 mm thick and their inside surfaces are 9.5 mm apart. The dye oscillator is iongitudinally pumped (pump axis is inclined 7" relative to the dye oscillator lasing axis) by -20 mJ of 532 nm radiation, which is focused into the dye cell with a 750 mm focal length lens. The dye cell is approximately 550 mm from the focus resulting in a pump beam size of -1.5 mm. The laser cavity is made up of a total reflector and partial reflector ( -20% reflectivity) that is coated on one half of the hypotenuse face of a right angle prism. The other half of this face has a broadband antireflection coat and the prism serves to turn the oscillator beam through 180" and return it to the dye cell where it is amplified by pumping with 50 mJ of 532 nm radiation with essentially the same geometry as the oscillator section. The total output of the dye laser is 20 mJ.
Originally the dye center wavelength was tuned by varying the dye concentration. The concentration was typically 2.6X lop4 M rhodamine 640 perchlorate. A more convenient method of tuning was to insert a bandpass filter in the dye cavity. The filter, which was centered at 610 nm and had a width of 9.5 nm (FWHM), was typically set at 15" off normal to obtain a dye laser center wavelength of 606 nm. The center frequency could be varied by angle tuning the filter.
A small fraction of the dye laser output was sent to a dye laser spectrometer, The collimated dye laser beam was incident on an echelle grating that had a groove spacing of 0.0127 mm and a blaze angle of 75" . The dispersed spectrum was focused on to a 1024 element unintensified silicon photodiode array (Princeton Instruments model PDA 1024, array length 25.4 mm) with a lens of 400 mm focal length. The dye laser spectrometer was calibrated using the all-lines output of an Ar-ion laser. At 607 nm the spectrometer operated in the 39th order of the grating with a measured dispersion of 0.19 cm-*/diode and a resolution of 1.3 cm-' ( q e uivalent full width). The resolution and dispersion values were approximately 2/3 those of the CARS spectrometer.
Gallilean telescopes were incorporated into the pump and Stokes beams to control the beam diameter and focal spot location. The pump and Stokes laser telescopes provided magnifications of 0.9 and 2.5, respectively.
To generate the CARS beam a folded BOXCARS26 phase matching geometry is used with a lens focal length of 300 mm and a total pump laser energy of 50 mJ. The BOXCARS half-angle is 1.6" . Part of the recollimated CARS beam was split off and focused into a 100 pm core fused silica fiber. The output intensity of the fiber was monitored by a Hammamatsu R1477 photomultiplier connected to a boxcar integrator. This provided a stable reference signal that could be used in aligning the system. The remaining CARS radiation was focused into a fluorine doped fused silica step index fiber with diameters of 80 pm (core) and 125 (Irn (cladding), and a numeric aperture (NA) of 0.12 (Superguide, manufactured by Fiberguide).
The output end of the fiber was the source for a spectrometer employing a concave holographic diffraction grating (American Holographics) , which imaged a dispersed CARS spectrum. This primary spectrum was imaged at 2: 1 magnification onto an IPDA detector using a 50 mm focal length f/l. 1 Nikon lens. The 20-cm-diam grating had a groove density of 2000 grooves/mm and a focal length of 800 mm. The fiber optic was terminated with a splitter that provided for dual fiber input to the grating. The various splitters employed are described in Sec. III C.
The grating reflected about a third of the input radiation into the zero order. This radiation was focused onto a Hammamatsu R1477 photomultiplier whose amplified output was monitored by a sample-and-hold circuit. The output of the sample-and-hold was digitized [64 k analog-todigital converter (ADC) counts] by the IPDA controller and stored as the 1025th element. This provided a monitor of the total undispersed CARS signal.
B. intensified photodiode array (IPDA) detector image persistence and low-signal Bevel nonlinearity
The IPDA detectors employing P20-phosphor-based intensifiers that have been used in CARS spectroscopy exhibit marked image persistence. The image persistence is measured by interrupting a pulsed laser exposure and measuring the remaining signal in the period immediately following the cessation of lasing. This image persistence is expressed as a percentage of the average signal level before interruption of the laser. The image persistence for two P-20 phosphor based IPDAs (from Ref. 8) is shown in Fig. 2 . This image persistence was minimized by optimizing the scan pattern of the detector, which is also shown in Fig. 2 pulse where only the read scan was digitized and stored. For the detector clean scans the accumulated signal was removed from the detector but it was not digitized. The read scan was initiated 5 to 6 ms after the laser pulse so that the exposure period of an individual diode (following the last clean scan) was 11-12 ms. The bulk of the image persistence for the P20 IPDAs was shown' to result from laser pulses other than the preceding one. The image persistence is an increasing fraction of signal as the signal level decreases.8*12 This image persistence results in a CARS spectrum that contains contributions from many previous laser pulses. In turbulent combustion these image persistence contributions will be much larger from the cooler, more intense spectra, resulting in potentially large negative temperature errors in fitting the resultant CARS spectra.97' 2 An algorithm to correct CARS spectra for the image persistence effects of the previous laser pulse was reported by Boyack et al. l2 However, because of the slow decay of the image persistence, this only represents an approximate solution.
With the assistance of one of the IPDA manufacturers a detector with a much lower image persistence that is more suitable for single-shot CARS spectroscopy was developed. The image persistence of this detector, which has a P46 phosphor, is shown in Fig. 2 . For this detector the image persistence in the first detector scan period following interruption of the signal is ten times less than the best PZO-phosphor-based detector. Furthermore, the subse- quent decay of the signal is much faster. The P46 detector sensitivity [with the noise set to 1 count root mean square (rms)] was 4.5 photons/count at 500 nm. This value is comparable to the P20 detectors we have measured (4.9, 3.4, 3.9, 3.5 photons equivalent rms noise). Thus a reduction in image persistence of at least a factor of 10 has been realized with no reduction in detector sensitivity. An additional advantage is that the P46-phosphorbased detectors exhibit none of the low-signal nonlinearity associated with the P20 phosphor IPDAs.~~'~~~~ Figure 3 shows the relative sensitivity (detector output in counts divided by relative light level normalized to 1.0 at high signal levels) of two P20-phosphor detectors and the P46-phosphor detector. (The data for the TN-6132 detector was taken from Ref. 8.) Within experimental error the PI-1024-YI-P46 detector shows no falloff in sensitivity at low signal levels, as is exhibited by P20 phosphor based detectors. The low-signal nonlinearity of the P20-based IPDAs, which have almost universally been used in CARS spectroscopy, has gone unrecognized in much of the earlier CARS work. Applying a correction for detector low-signal nonlinearity results in best-fit CARS temperatures that are 50-100 K hotter in the range of 1500-2000 K.9*' o C. CARS spectrometer and fiber optic splitter
The imaging of the concave holographic grating spectrometer was evaluated using an Ar-ion laser. The Ar-ion laser beam was focused into a 50 ,um core optical fiber and the output tip of the fiber, imaged at a 5:l reduction, provided an input to the spectrometer. The spatial dependence of the input and the dispersed image were evaluated using a scanning knife edge. The input focal spot size corresponding to the central 80% of the intensity was 24 pm.
The image width (in the dispersion plane) and image height are shown in Fig. 4 for the primary image, i.e., without the 2:l expansion provided by the lens in the CARS spectrometer. It can be seen that the grating has excellent imaging characteristics at the design wavelength of 488 nm. However, the grating is highly chromatic, and as a result the image height exceeds that of the IPDA detector pixel as little as 15-20 nm from the design wavelength. With the 2:l image expansion employed in CARS spectrometer the useful spectral range of the grating is further reduced because of loss in signal due to overfilling of the pixel. At the Nz CARS wavelength (473 nm) the expanded image largely fills the 2.5 mm pixel height. The grating is suitable for CARS spectra of N, (473.3 nm), CO (477.5 nm), or O2 (4,91.3 nm) and, perhaps with some losses, for COz (496.7 nm) . For H,O CARS spectra (445.5 nm) the losses due to overfilling the detector would be unacceptable. The image widths in Fig. 4 show that the resolution of the grating image ( -20 ,um) is better than that of the IPDA (approximately 2 pixels or 50 pm). For that reason it was decided to incorporate the 2:l image expansion lens shown in Fig. 1 to provide a better match between the grating resolution and the IPDA resolution.
To increase the dynamic range of our CARS spectrometer we evaluated several fiber-optic splitters that provided a dual input to the spectrometer. All these splitters were made from the same generic Superguide fibers described in the experimental section. The first splitters were made from 80 pm core/125 pm cladding fiber. Both fused (fixed splitting ratio) and evanescent wave (variable splitting ratio) devices were fabricated that consisted of an input length of 20-30 m followed by a splitter with a nominal 1O:l splitting ratio, with output arms of -1 m. The ad- Frequency (cm. ' ) FIG. 5. The observed instument function (the spectral response of the CARS spectrometer to a monochromatic input) for both the weak and strong arm inputs of two fiber optic splitters with a 2X image expansion lens incorporated in the spectrometer. The dotted curve represents the instrument function observed in a spectrometer with an identical grating and fiber-optic input but no expansion lens. The equivalent width (EW) is the width of a rectangle having the same peak height and area as the instrument function.
vantage of variable splitting ratio from the evanescent wave coupler was offset by its greater fragility and susceptibility to damage. Furthermore, this splitter was fabricated from an early sample of Superguide fiber that had losses of 3%/ m (at 488 nm) rather than <1%/m typical of later batches. The evanescent wave coupler itself had a loss (in addition to loss in the fiber) of approximately 15%. The best of the fused splitters, which were manufactured by Canstar, had a throughput (after correcting for reflection losses) of 74.4% and 6.1% in the two arms (ail transmissions are given at 488 nm unless otherwise stated). Absorption in the fiber and losses in the splitter account for the remaining 20%. The performance of the spectrometer was evaluated by recording 295 K air spectra and fitting them to obtain the instrument functions, which are shown in Fig. 5 . The equivalent width (EW) of these instrument functions (the width of a rectangle having the same peak height and total area), which is also given, provides a convenient measure of the resolution. An instrument function obtained from a spectrometer with an 80 pm core fiber input but no 2:i image expansion lens' * is also shown in Fig. 5 .
Two conclusions can be drawn from an examination of Fig. 5 . First, the weak arm of fiber splitter No. 1 has markedly poorer resolution than the strong arm (attempts to improve the resolution by systematically varying the position of the fiber tip failed). Second, the resolution of the strong arm of splitter No. 1 (2.36 cm-' ) was markedly superior to that of the spectrometer with no image expan-sion (5.37 cm-' ). Thus, it is clear that a 2:l image expansion provides a significant improvement in performance.
A visual examination of the output of the weak arm using an Ar-ion laser showed that there was a tendency of the intensity profile to be annular. It was initially concluded that this resulted from excitation of cladding modes, i.e., light coupled into the cladding whose transmission is supported by the cladding-buffer interface. However, the index of refraction of the silicone buffer is such that it does not support cladding modes. An alternative explanation is that the splitter may act to couple the higher order modes into the weak arm, and these modes have the annular intensity profile observed.
Loss of resolution in the weak arm of the splitter is particularly serious, since it is this signal that must be used to analyze the low-temperature high-intensity CARS spectra. The lack of a hot band in these spectra means that the temperature must be deduced from the width of the v= 1 -0 band, thus requiring high resolution. It was decided to manufacture a second group of fused splitters where the weak arm would be made of 50 pm core/125 ,um cladding fiber while the rest of the splitter was made of larger diameter fiber (both 80/125 and 100/140 pm fibers were used). The transmission at 488 nm of this second group of splitters was equal to or better than those made from a single size of fiber. Correcting for reflection losses the total transmission (splitter plus approximately 20 m of input fiber) of the splitters made from 80 to 50 pm core fibers was 74% to 78% with a nominal 1O:l splitting ratio. The transmission of the splitters made with 100 and 50 pm core fibers was slightly better (80%-86%) with a range (6: 1 to 17:l) of splitting ratios.
One of the 80 pm core splitters (splitter No. 2 in Fig.  5 ) was installed in the spectrometer and the instrument function evaluated. The equivalent width of the strong arm of this splitter was 2.59 cm-' , or -10% greater than splitter No. 1. However, the equivalent width of the weak arm of splitter No. 2 (2.54 cm-' ) was 27% less than splitter No. 1 (see Fig. 5 for instrument functions) indicating the improvement in performance resulting from the use of the smaller core fiber in the weak arm. This fiber splitter is now permanently incorporated into the CARS spectrometer.
Three methods for obtaining the instrument function were compared using the strong arm of splitter No. 1. In addition to the standard technique of fitting a 295 K air spectrum, an Ar-ion line at 472.7 nm was focused into the fiber and the resulting spectrum fitted to the modified Voigt instrument function. A N, CARS spectrum recorded in a flat-flame burner, whose temperature was approximately 1600 K, was also used where temperature as well as the instrument function parameters were determined using the least-mean-squares fitting routine. For all the leastmean-squares fits the use of an asymmetric Voigt did little to decrease the variance. Since a frequency shift between experiment and theory and a scaling factor are two parameters that are always determined, fitting a six parameter modified Voigt and temperature in a flame spectrum necessitated fitting nine variables. It was found that the interaction between the frequency shift and the asymmetry of the Voigt parameters was such that, even with the Marquardt modification to the fitting procedure, the fits would not reliably converge. We therefore elected to use a symmetric Voigt with asymmetric reciprocal frequency terms (four parameter instrument function) that produced no convergence problems. The resultant instrument functions, which are shown in Fig. 6 , are all very similar with the instrument function derived from a flame spectrum being somewhat broader and the Ar-ion derived instrument function somewhat narrower than that derived from a 295 K air spectrum. TO assess their effect on CARS derived temperatures each instrument function was used to convolve a CARS theory library that was then used to fit an approximately 1600 K flame spectrum. The resultant best-fit temperatures were 1600 K (Ar ion), 1610 (295 K air), and 1615 K (flame spectrum). Thus, the maximum spread is Q l%, and the uncertainty associated with using the 295 K air instrument function is -0.5%. We conclude that the standard method of deriving an instrument function is satisfactory.
The instrument functions shown in Fig. 6 , which are for the strong arm of splitter No. 1, are slightly narrower than that for the same fiber input in Fig. 5 . This difference, which resulted from a small, -0.5 mm, adjustment to the fiber-to-grating spacing, illustrates the sensitivity of the instrument function to the CARS focal position. We have found that the instrument function is more variable with a direct light coupled spectrometer than when a fiber tip is acting as the spectrometer input. It is very difficult to maintain the focal spot position to this precision when using wide spectrometer entrance slits. Narrow slits, which can attenuate the CARS input focal spot size, are likely to result in variable instrument functions.
D. High-signal IPDA nonlinearity
To improve the dynamic range a study was made of the IPDA nonlinearity at high signal levels. Goss5 was the first to point out the effect of IPDA saturation on CARS derived temperatures. Subsequent investigations6' 7 demonstrated that the effect was associated with saturation in the output of the microchannel plate intensifier. The saturation is dependent on pulse duration and radiation density. With the older IPDA detectors, which had a rms noise level of 1-2 counts and a maximum output of 4096 counts, it was possible to avoid the nonlinea.rity by ensuring that the full height of the IPDA pixel was more uniformly illuminated.6s7" 0 This was accomplished using a cylindrical lens7," or by relying on the astigmatism of the spectrometer6 to defocus the CARS image in the desired direction. With the potentially larger dynamic range available from current IPDA detectors with 64 k A to D converters, this strategy is no longer sufficient.
To extend the useful range of these detectors we selected to characterize the nonlinearity and correct the CARS spectra for it in software. A look-up table (LUT) consisting of entries for the observed and corrected IPDA output was constructed and used to correct the observed CARS intensities. For values between entries in the LUT a linear interpolation was used. To determine experimentally the entries in the LUT we used CARS spectra of ambient air recorded at varying intensities and the corresponding undispersed (zero order) signal recorded by the photomultiplier in the spectrometer. This approach was chosen since it closely duplicated the conditions encountered in practice, i.e., the same energy density, pulse duration and diode range.
The use of the photomultiplier signal to determine the nonlinearity rather than neutral density filters has the advantage that it corrects, on a pulse-by-pulse basis, for the variation in the CARS signal. This variation (typical standard deviation 30%-35%) results from variation in the temporal structure of the CARS pulse and exhibits almost no correlation with the pump and Stokes beam energies.
Neutral density filters, and the more stable signal from scattered 532 nm Nd:YAG input, were used to determine the linear range of the photomultiplier. To extend the linear range for these short duration pulses, peaking capacitors were installed in the last five stages of the photomultiplier biasing circuit. A tapered resistor divider was used where the standard resistence (R) was increased to 2R and 3R across the final two stages. The photomultiplier was operated at relatively low voltage (700 V) to minimize anode saturation. With this arrangement the photomultiplier saturated at 40 to 50 mA peak anode current; the peak signal employed was limited to < l/IO of this value to ensure linearity.
As expected the dispersed IPDA CARS signals showed increasing nonlinearity with respect to the photomultiplier as the CARS intensity increased. In comparing the two intensities dispersed CARS spectra were corrected for nonlinearity and then summed spectrally to obtain the total signal. The Gauss Newton algorithm with the Marquardt modification was again employed to determine the entries in the LUT required to predict a linear relationship between the corrected dispersed signal and the photomultiplier signal. As a further check the corrected CARS signals were used to calculate the splitting ratio between the two dispersed CARS signals. With uncorrected CARS signals the ratio of the strong to the weak signal decreased with increasing CARS intensity (as a result of increasing nonlinearity in the strong arm). With corrected signals this ratio was found to be constant providing independent verification of the LUT values. The LUT coefficients plotted as relative IPDA detector sensitivity (i.e., observed/ corrected counts) and best-fit curves are shown in Fig. 7 . The solid and dotted curves in Fig. 7 describe two distinct arrangements. The position of the dual fiber input was initially adjusted so that the dispersed CARS image was vertically centered (i.e., at right angles to the dispersion plane) on the IPDA pixels and the resultant calibration is represented by the open symbols and solid line in Fig. 7 . As a result of damage to the epoxy cement supporting one of the fibers in its holder it was necessary to readjust the position so that the strong arm was no longer centered on the pixel. The resultant calibration is shown by the dotted curve and solid symbols in Fig. 7 . The increasing nonlinearity of this calibration is caused by higher mdiation densities (for the same output signal) resulting from off-center placement of the CARS image on the IPDA pixels.
The open and solid symbols each represent different calibrations performed over a span of several months. It can be seen that the calibration remained quite stable, unless the fiber position was adjusted. Subsequently, a new fiber splitter was installed, and the CARS spectrometer image was again centered. The resuIting calibration, which is shown by the dashed line in Fig. 7 , is now very similar to the initial calibrations.
Several conclusions can be made from the data in Fig.  7 . First, the fiber input to the spectrometer provides a stable calibration. This is in contrast to a directly coupled spectrometer where we observed that the nonlinearity varied with the position of the CARS image on the entrance slit (and thus presumably on the detector). Second, the nonlinearity is severe and, even if we select a falloff of 10% in sensitivity as acceptable, this would limit uncorrected output signals to -10 000 counts. Third, the calibration for IPDA nonlinearity appears reproducible over a range of 0.5-l .O in relative sensitivity. We have typically used the strong arm of the fiber provided the uncorrected peak counts were (25 00&30 000 counts. This represents a corrected signal of 40 OOQ-60 000 counts and greatly extends the useful dynamic range of the detector.
E. CARS temperature measurements
To demonstrate the application of the CARS system, temperature measurements were performed in a turbulent diffusion flame. Dual CARS N2 spectra were recorded using fiber-splitter No. 2 and the more intense of the two spectra was analyzed provided the peak counts are < 30 000. A correction for IPDA nonlinearity was made using the dashed curve in Fig. 7 .
The burner generated axi-symmetric flows through an arrangement of concentric tubes. Air in the center tube [diameter 15 mm and a flow rate of 106 standard liters per minute (SLPM)] was surrounded by an annular flow of propane (21.2 SLPM). An outer sheath air flow of 100 SLPM was also provided. The Reynolds number, based on the inner tube diameter, was 13 000.
To fit accurately experimental CARS spectra taken in this burner it was necessary to vary the nonresonant contribution, particularly near the burner exit and in the fuel rich regions of the flame. To accomplish this13 the theoretical spectra were stored in two parts, so that individual CARS spectra can be reconstructed for any value of C, where C is the ratio of the N, mole fraction to the third order nonresonant susceptibility (in units of lo-l5 cm3/ erg). For pure nitrogen C was set to 120 (its maximum value), while for air C=93. In stoichiometric combustion of propane/air C is 59 for the reactants and 70 for the products.
An 800 pulse temperature histogram that illustrates the range of temperatures encountered in this burner is shown in Fig. 8 . Temperatures from ambient (300 K) to the adiabatic propane/air flame temperature ( -2300 K) were observed. The peak intensities of the 2300 K CARS spectra were 500-600 counts and the peak intensities of the 300 K spectra were 22 000-24 000 counts. When this latter intensity is corrected for nonlinearity and the 12:l splitting ratio this corresponds to 400 000 counts. Thus recording dual CARS spectra with an intensity ratio of 12:l and correcting for detector nonlinearity can accommodate the full range of intensities encountered in turbulent combustion where the temperature can vary from 300 to 2300 K. A detailed description of temperature measurements in this burner and the possible effects of spatial averaging will be described in a future publication.
F. Temperature uncertainty due to dye laser shift
The sensitivity of the best-fit temperatures to dye laser spectral shift was found to be minimized when the spectral maximum of the nonresonant reference was outside the fitting range (2273-2343 cm-' ). To examine the sensitivity of the best-fit temperatures to dye laser shift, we selected an experiment with the center frequency at the largest Raman shift we have employed. For the data in Fig. 8 the dye laser center frequency was adjusted so that the peak of the nonresonant reference spectrum was at 2285 cm-' (Raman shift), corresponding to the start of the N, hot (u=2-1) band. To assess this error we modified the ' fit program to allow for specific frequency shifts in the nonresonant reference spectrum. The effect of these shifts on best-fit temperature for two 800 pulse files recorded in the turbulent diffusion flame are shown in Fig. 9 . The open and closed symbols represent the two experiments, and the data was averaged in 20 equal temperature intervals. The spectral shifts employed ( *2 cm-' ) correspond to the maximum estimated error in adjusting the dye laser center frequency. This error was estimated from a series of trials in which the dye laser center frequency was deliberately varied, then reset to the initial position. We concluded that the error was l*l cm-' . From Fig. 9 it can be seen that in the range 600 K < T < 2300 K the maximum error is l%-1.7%, being larger for a +2 cm-' shift i.e., shifting the peak of the nonresonant spectrum towards the Nz v= 1-O band. For temperatures below 600 K the percentage temperature changes become larger and more erratic approaching 3% at 300 K. The uncertainty in temperature resulting from an average error of f 1 cm-' in dye laser position is estimated to be ~0.8% for T> 600 K. 
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